The (pro)renin receptor ((P)RR) is expressed in several tissues including kidney, heart and brain, and is thought to regulate the tissue renin-angiotensin system (RAS) through the non-proteolytic activation of prorenin. (P)RR is cleaved by furin to generate soluble (P)RR (s(P)RR), which is secreted into the extracellular space. s(P)RR is a candidate biomarker reflecting the status of the tissue RAS. Here, we investigated the relationship between background factors and serum s(P)RR levels. We measured s(P)RR levels in 122 patients with essential hypertension (EH) and assessed the relationships between background factors and s(P)RR levels. Serum s(P)RR levels were 19.0±4.9 ng ml -1 . Single regression analyses showed that age (r ¼ 0.251, Po0.01), serum creatinine levels (r ¼ 0.229, Po0.05) and urinary angiotensinogen excretion (r ¼ 0.196, Po0.05) were positively correlated with s(P)RR levels, whereas estimated glomerular filtration rate (eGFR; r ¼ À0.337, Po0.001) were negatively correlated. Multiple regression analyses of age, blood pressure (BP), hemoglobin A1c (HbA1c) and s(P)RR levels revealed that age and s(P)RR levels were negatively correlated with the eGFR (Po0.05). In patients with EH, serum s(P)RR levels correlated positively with renal function independent of age, BP and HbA1c. These findings support s(P)RR as a useful biomarker that reflects the status of the tissue RAS.
INTRODUCTION
The (pro)renin receptor ((P)RR), which consists of 350 amino acids with a single transmembrane domain and binds preferentially to renin and prorenin, was identified in 2002. 1 The (P)RR is widely expressed in various tissues, including the brain, heart and kidney. Once prorenin binds to (P)RR, it exerts two functions. 1, 2 First, prorenin undergoes a conformational change without proteolytic cleavage to develop renin activity, which catalyzes the conversion of angiotensinogen (AGT) to angiotensin I. This process has a key role in regulating the tissue renin-angiotensin system (RAS). Second, (P)RR induces its own intracellular signaling transduction that activates the mitogen-activated protein kinase extracellular signalregulated kinase 1/2 pathways independent of the RAS. 3 (P)RR also has a physiological role in the assembly and function of vacuolar H þ -ATPase (V-ATPase), an ATP-dependent proton pump that transports protons across plasma membranes and acidifies intracellular compartments. 4 (P)RR is cleaved by furin to generate soluble (P)RR (s(P)RR) and M8-9, a residual hydrophobic truncated protein. The s(P)RR is secreted into the extracellular space and is ultimately found in blood and urine. 5, 6 The s(P)RR also binds to prorenin and mediates the activation of prorenin in cell culture medium 7, 8 and urine, 6 suggesting that s(P)RR itself could have functional roles. Taken together, these findings highlight s(P)RR as a candidate biomarker for reflecting the tissue RAS status.
Recently, we developed an s(P)RR enzyme-linked immunosorbent assay kit to measure the concentration of s(P)RR in blood. 9 We previously reported the usefulness of s(P)RR measurements in the clinical settings by showing that high circulating levels of s(P)RR at early pregnancy predict a subsequent elevation in blood pressure (BP) and that high concentrations at delivery are significantly associated with preeclampsia. 10 Population-based clinical studies suggested that (P)RR gene polymorphisms may reflect BP levels. 11, 12 Therefore, it is possible that activation of the tissue RAS by (P)RR is associated with the regulation of BP. However, the pathophysiology and clinical significance of blood s(P)RR levels in essential hypertension (EH) remains unclear. This study thus aimed to determine serum s(P)RR levels in patients with EH and to assess the relationship between background factors associated with hypertension including renal function and serum s(P)RR levels.
METHODS Subjects
Patients with EH who visited our outpatient clinic from October 2011 to January 2013 and age-matched normotensive subjects were included in this study. Hypertensive patients were either untreated or treated only with calcium channel blockers except cilnidipine, which inhibits L-type and N-type calcium channels and could affect the RAS. [13] [14] [15] Patients who had suffered from a hemorrhagic stroke or cardiac infarction in the previous 6 months, pregnant women and those with apparent peripheral vascular, malignant disease or uncontrolled diabetes mellitus (hemoglobin A1c (HbA1c) of higher than 10.0%) were excluded. All participants were enrolled after obtaining informed consents approved by the ethical committee of Tokyo Women's Medical University.
Background factors
At enrollment, information was collected on gender, age, body mass index and waist circumference. Waist circumference was measured at the height of the umbilicus while the patient was standing and after exhaling.
Office BP and pulse rate
Office BP and pulse rate (PR) were measured at an outpatient clinic with the patient in a sitting position after resting for at least 5 min. The first readings at each visit were used for this study.
Ambulatory BP monitoring
Ambulatory BP monitoring (ABPM) was performed with an automatic device, TM-2431 (A&D, Tokyo, Japan), which recorded BP (by the oscillometric method) and PR every 30 min from 0600 to 2200 hours and every 60 min during the rest of the day. Nighttime BP and PR were defined as the average of measurements recorded from the time when the patient went to bed until the time he/she got out of bed. Daytime BP and PR were defined as the average of measurements recorded during the rest of the day. The morning surge in systolic BP was calculated by subtracting the 2-h average systolic BP before waking from the 2-h average systolic BP after waking. The fall in nocturnal systolic BP (%) was calculated as 100 Â (1-nighttime systolic BP/daytime systolic BP ratio).
Urinary examinations
Spot urine samples were obtained and concentrations of creatinine, albumin, Na þ , metanephrine and normetanephrine were quantified by standardized assessment methods at our clinical laboratory center, and AGT levels were measured using a sandwich enzyme-linked immunosorbent assay as described. 16 Excretion of albumin, Na þ , metanephrine and normetanephrine, and AGT were evaluated by dividing these values by the creatinine concentration.
Blood examinations
Blood samples were taken while patients were sitting after at least 15 min of rest. Blood sugar, HbA1c, low-density lipoprotein cholesterol, high-density lipoprotein (HDL)-cholesterol, triglyceride, creatinine, uric acid and highsensitivity C-reactive protein were measured by standard laboratory methods at our clinical laboratory center. Serum levels of s(P)RR (Takara Bio, Otsu City, Japan) 9 and prorenin (Innovative Research, Novi, MI, USA) were measured using an enzyme-linked immunosorbent assay kit consisting of a solid-phase sandwich enzyme-linked immunosorbent assay with antibodies highly specific for each protein. Plasma renin activity (PRA) and plasma aldosterone concentration (PAC) were measured by a radioimmunoassay at an external laboratory (SRL, Tokyo, Japan). The estimated glomerular filtration rate (eGFR) was calculated using the following equation: eGFR (ml min -1 per 1.73 m 2 ) ¼ 194 Â creatinine À1.094 Â age À0.287 ( Â 0.739 if female). 17 
Flow-mediated vasodilation
Percent changes in brachial artery diameter were calculated in response to increased flow-mediated vasodilation (FMD), an index of endothelial function, as previously described 18, 19 by using UNEX EF38G (UNEX, Nagoya, Japan).
Cardio-ankle vascular and ankle-brachial indices
The cardio-ankle vascular index (CAVI), an index of arteriosclerosis, and the ankle-brachial index were measured using a VaSera VS-1500AN vascular screening system (Fukuda Denshi, Tokyo, Japan), as described previously. 20 Patients with an ankle-brachial index o0.90 were excluded from the CAVI calculations.
Augmentation index and central systolic BP
The augmentation index (AI), an index of arteriosclerosis, and central systolic BP were measured using an automated tonometric device (HEM-9000AI; Omron Healthcare, Kyoto, Japan), as described previously. 21, 22 Carotid intima-media thickness Carotid intima-media thickness (IMT) was measured from carotid ultrasound examinations of the common carotid artery, bulb and internal carotid artery performed bilaterally using the Nemio XG ultrasound system (Toshiba, Tokyo, Japan). The examinations were conducted while the subjects were in a supine position with the head turned 451 from the site being scanned. Both carotid arteries were scanned longitudinally in order to visualize the IMT in the far wall of the artery, and the maximum IMT, an index of atherosis, was assessed.
Study protocol
Relationship between background factors, office BP and PR, central systolic BP, BP and PR data obtained by ABPM, urinary and blood data, FMD, CAVI, AI and maximum IMT and s(P)RR levels were examined by single or multiple regression analyses. Relationships between age and serum prorenin level, PRA and PAC, and those between eGFR and serum prorenin levels, PRA and PAC were assessed by single regression analyses.
Statistical analysis
All data are expressed as mean ± s.d. Single regression analyses were performed to determine the correlation between background factors, office BP and PR, BP and PR data obtained by ABPM, urinary and blood data, physiological function tests and s(P)RR, and correlation between age and serum prorenin level, PRA and PAC, and that between eGFR and serum prorenin level, PRA and PAC. Power analyses were done by using G*Power 3.1.7. 23 The r value was reported to be À0.275 for the relationship between serum s(P)RR level and eGFR in patients with chronic kidney disease in a previous study. 24 A priori power analysis given this r value suggested that at least 98 patients are required to determine the correlation with a power of 80% between serum s(P)RR and eGFR in our patients. Multiple regression analyses were used to identify possible determinants. Non-paired Student's t-tests and w 2 -test were applied to compare two groups. The level of significance was defined as Po0.05.
RESULTS

Characteristics of the study subjects
A total of 122 patients with EH were enrolled in this study. Table 1 details the background factors, comprising office BP and PR, central systolic BP, BP and PR data obtained by ABPM, urinary and blood data, and data from the physiological function tests. No patients showed an ankle-brachial index of o0.9. Taken together, these data indicated that most study subjects had EH with mild to moderate, but not severe, organ damage.
Age-matched 32 normotensive subjects (12 men) were enrolled as controls. The average age was 53±12 years, systolic BP was 117 ± 9 mm Hg, diastolic BP was 72 ± 8 mm Hg, blood sugar was 98.4 ± 19.0 mg dl -1 , HbA1c was 5.7 ± 0.6%, low-density lipoprotein cholesterol was 106±32 mg dl -1 , HDL-cholesterol was 72±21 mg dl -1 , triglyceride was 123 ± 98 mg dl -1 and eGFR was 85.0 ± 21.3 ml min -1 per 1.73 m 2 . Both systolic BP and diastolic BP were significantly lower than those of essential hypertensive patients (Po0.0001 for both), Soluble (pro)renin receptor in hypertension S Morimoto et al and none of the other values were significantly different between patients with EH and normotensive subjects.
Serum s(P)RR levels
In patients with EH, the average serum s(P)RR levels were 19.0±4.9 ng ml -1 and the values were not different between male (18.8 ± 4.6 ng ml -1 , n ¼ 56) and female (19.2 ± 5.2, n ¼ 66) patients, or between patients without medication (19.0 ± 4.6, n ¼ 52) and those with treated with calcium channel blocker (17.8±4.3, n ¼ 70). In normotensive subjects, the average serum s(P)RR levels were 20.3 ± 4.0 ng ml -1 , and these values were not significantly different compared with those of essential hypertensive patients. There were no significant difference between men (20.1 ± 2.1 ng ml -1 , n ¼ 12) and women (20.4 ± 4.2 ng ml -1 , n ¼ 20) in the values of serum (P)RR.
Relationships between background factors and RAS components
In patients with EH, age was significantly positively correlated with the serum level of s(P)RR (Table 2 and Figure 1a ), but was not significantly correlated with serum prorenin levels (r ¼ 0.113, P ¼ 0.291). Age was significantly negatively correlated with PRA (r ¼ À0.298, Po0.005) and PAC (r ¼ À0.332, Po0.0005). Figure 1b shows data comparing s(P)RR levels between male and female subjects for each age group. Serum s(P)RR levels were significantly higher in men aged in their 70s than those in their 50s and significantly higher in women in their 60s than those in their 30s. Serum s(P)RR levels were not significantly different between men and women in any age group. As there was no gender difference in s(P)RR levels further analyses were performed without dividing patients into male and female groups. No data related to BP or PR showed a relationship with s(P)RR levels ( Table 2 ).
Correlation between urinary or blood data and serum s(P)RR levels In patients with EH, urinary AGT excretion was weakly but significantly positively correlated with the serum level of s(P)RR (Table 2 and Figure 2a ). When patients were divided into low s(P)RR (o17 ng ml -1 ) and high s(P)RR (X17 mg ml -1 ) groups, urinary AGT excretion was significantly higher in s(P)RR group than in low s(P)RR group (Figure 2b ). Among the blood data, HDL-cholesterol and triglyceride levels showed weak but significantly negative and significantly positive relationships, respectively, with serum s(P)RR levels ( Table 2 ). There were no significant relationships between s(P)RR levels and serum prorenin levels, PRA and PAC (Table 2) .
Relationships between renal function and RAS components
In patients with EH, serum creatinine levels ( Table 2 ) and eGFR (Table 2 and Figure 3) showed significantly positive and significantly negative relationships, respectively, with serum s(P)RR levels. In contrast, there were no significant relationships between eGFR and serum prorenin levels (r ¼ À0.051, P ¼ 0.611), PRA (r ¼ À0.072,
It is well known that age, BP and glucose metabolism affect renal function. To determine if the relationship between eGFR and serum s(P)RR levels is independent of these factors, multiple regression analysis testing age, systolic BP, HbA1c and serum s(P)RR levels as independent variables was performed. Serum s(P)RR levels in addition to age were negatively correlated with eGFR (Table 3) .
There was a significant positive relationship between eGFR and serum s(P)RR levels in normotensive subjects as well (r ¼ À0.576, Po0.001; Figure 3) . Stepwise multiple regression analysis in all subjects including normotensives and hypertensives revealed that eGFR (Po0.0001) but not existence of hypertension was significantly correlated with serum s(P)RR levels, indicating that the relationship between eGFR and serum s(P)RR levels is independent of existence of hypertension. 
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Relationship between physiological function tests and serum s(P)RR levels In patients with EH, there were no significant relationships between serum s(P)RR levels and FMD, AI or the carotid maximum IMT (Table 2) . On the other hand, there was a significant positive relationship between CAVI and serum s(P)RR levels (Table 2) , suggesting an interaction between arteriosclerosis and serum s(P)RR levels. Multiple regression analyses were performed to determine if the relationship between CAVI and serum s(P)RR levels was independent of age, BP or glucose metabolism. In model 1, where we tested age, systolic BP, HbA1c and serum s(P)RR levels as independent variables, only age was related to CAVI (Table 4) . Similarly, in model 2, where the independent variables were limited to age and serum s(P)RR levels, age but not serum s(P)RR level was related to CAVI (Table 4) .
DISCUSSION
This study demonstrated four major findings regarding serum s(P)RR levels in patients with EH. First, serum s(P)RR levels positively correlated with age, with no obvious gender differences. Second, serum s(P)RR levels were associated with lipid metabolism dysfunction. Third, serum s(P)RR levels correlated with renal function independent of age, BP and glucose metabolism. Finally, serum s(P)RR levels were positively related to CAVI values and this relationship was considered age dependent.
Relationship between background factors and RAS components
Among background factors, age was significantly positively correlated with s(P)RR levels and significantly negatively correlated with PRA and PAC, in accordance with previous reports. [25] [26] [27] Renin downregulates (P)RR expression by a process involving the transcription factor promyelocytic zinc-finger protein. 28 One may speculate that serum s(P)RR levels are affected by PRA. However, there was no significant relationship between serum s(P)RR levels and PRA in this study. A tissue-specific conditional knockout approach in recent studies elucidated the functional relevance of (P)RR as a proton pump protein. The cardiomyocyte-specific (P)RR knockout mice 4 and the podocyte-specific (P)RR knockout mice 29 die early due to fulminant heart failure and kidney failure, respectively, as a result of V-ATPase dysfunction causing impaired autophagy, which is observed in the process of aging. It can be speculated therefore that serum s(P)RR levels are elevated because of increases in (P)RR expression resulting from V-ATPase activation to compensate impaired autophagy in the aging process. Further studies are required to test this presumption. Our study also showed that s(P)RR levels were not significantly different between men and women at any age group, excluding the possibility that a gender difference exists in the s(P)RR levels. Serum (P)RR levels were not significantly different between patients with EH and normotensive subjects. Serum (P)RR levels were not related with any BP data. Collectively, we found no evidence of a relationship between s(P)RR levels and BP levels in the present cross-sectional study. To further examine the relationship between BP and s(P)RR levels, we are currently investigating changes in s(P)RR levels induced by different types of antihypertensive agents.
Relationship between lipid profiles and serum s(P)RR levels Intriguingly, HDL-cholesterol and triglyceride levels showed weak, but significantly negative and significantly positive relationships, respectively, with serum s(P)RR levels, suggesting the presence of interactions between lipid metabolism dysfunction and serum s(P)RR levels. The reason for these associations remains to be elucidated. However, it is established that adipose tissue harbors all components of the RAS including (P)RR. 30, 31 Achard et al. 32 recently reported that overfeeding and a high-fat diet increased visceral fat mass and adipose (P)RR expression in rats, suggesting that patients with dyslipidemia Abbreviations: AI, augmentation index; BNP, brain natriuretic peptide; CAVI, cardio-ankle vascular index; eGFR, estimated glomerular filtration rate; FMD, flow-mediated dilation; hs CRP, high-sensitive C-reactive protein; HDL, high-density lipoprotein; IMT, intima-media thickness; LDL, low-density lipoprotein; PAC, plasma aldosterone concentration; PRA, plasma renin activity.
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could have increased expression of (P)RR in adipose tissues that causes an elevation in serum (P)RR levels. Our data unfortunately failed to show a significant relationship between serum s(P)RR levels and waist circumference, which is an indirect marker for visceral fat mass (Table 2) . We are currently examining the relationship between visceral fat mass and s(P)RR level in another series of patients to test this assumption. The relationships between HDL-cholesterol and triglycerides and serum s(P)RR levels may suggest a relationship between serum s(P)RR levels and vascular damages. Assessment of relationship between vascular factors such as adhesions and serum s(P)RR levels may help understanding this relationship in future studies.
Relationship between renal function and RAS components Serum s(P)RR level was associated with decreased eGFR independent of age, BP and glucose metabolism. Although the reasons for this Soluble (pro)renin receptor in hypertension S Morimoto et al phenomenon remain unclear, there are several possible explanations. First, elevated serum s(P)RR levels may reflect decreased clearance of s(P)RR from the kidney, although whether this 28-kDa protein is filtered from the glomeruli or whether it is excreted into the urine without being absorbed from the tubules is unknown. Investigations of the relationships between eGFR, serum (P)RR concentration and urinary (P)RR concentration could help clarify these points. Second, elevated serum s(P)RR levels may reflect an increase in expression of (P)RR in the kidneys, which could in turn increase the local production of angiotensin II by activating prorenin. Increased expression of (P)RR was observed in the remnant kidneys of 5/6 nephrectomized rats. 33 We have reported that a (P)RR blocker handle region peptide inhibited the development and progression of renal damage in hypertensive rats. 34 Urinary protein excretion was reported to be significantly positively related with serum s(P)RR levels in chronic kidney disease patients. 24 In this study, serum s(P)RR levels were significantly positively related with urinary AGT excretion (Figure 2 ), a biomarker for intrarenal RAS. 35, 36 In addition, in our preliminary study with a subgroup of essential hypertensive patients, serum s(P)RR levels were significantly positively related with urinary excretion of 8-hydroxydeoxyguanosine (n ¼ 22, b ¼ 0.419, Po0.05), which is a marker of oxidative stress causing renal damages, independently with eGFR. All these experimental and clinical data support the presumption that increased expression of (P)RR in the kidney may lead to both elevated serum s(P)RR levels and renal dysfunction. In this study, no significant relationship between urinary albumin expression and serum s(P)RR levels were observed (Table 2 ). In the kidney, (P)RR is mainly expressed in tubular cells and collecting duct cells and the expression levels in glomeruli cells such as podocytes and endothelial cells are very low. 37 Therefore, it is considered that this result does not exclude the presumption because increased (P)RR expression in the kidney may have stronger impacts on tubulointerstitial injuries than occurrence of albuminuria, which is initially caused by damages in glomeruli cells. Third, increased serum s(P)RR levels may be the result of enhanced cleavage of (P)RR by furin. It is possible that increased cleavage of (P)RR inhibits (P)RR-dependent V-ATPase activity and impairs autophagy in the kidney to progress kidney aging and ultimately a decrease in eGFR.
Relationship between CAVI and serum s(P)RR levels CAVI, an index of arteriosclerosis, showed a significantly positive relationship with serum s(P)RR level. However, FMD, an index of endothelial dysfunction, and other indices of atherosclerosis, including AI and carotid maximum IMT, showed no significant relationships with serum s(P)RR level. Furthermore, the relationship between CAVI and serum s(P)RR levels was not detected after correcting for age, systolic BP and HbA1c (model 1 of Table 4 ) or age alone (model 2 of Table 4 ). Therefore, it is likely that the relationship between CAVI and serum s(P)RR levels observed in the single regression analysis was affected by the relationship between age and serum s(P)RR level.
Limitations Several limitations to this study warrant mention. First, we could not determine the source of s(P)RR in serum. In addition, whether s(P)RR is simply a biomarker for the status of tissue RAS or whether it has a functional role in activating the tissue RAS remains unclear. Second, the number of patients tested was small. Post hoc power analyses revealed that the power (1-b) was high enough for age (0.802) and eGFR (0.970), but not for HDL-cholesterol (0.792), triglyceride (0.598) or CAVI (0.688). Large-scale studies are needed to clarify the mechanisms underlying the role of serum s(P)RR levels in hypertension. Third, our findings are basically based on the relationships between serum s(P)RR levels and background factors. Longitudinal studies may reveal the impacts of serum s(P)RR levels on the progression of organ damages and prognosis of the patients.
CONCLUSIONS
In conclusion, there is a significant relationship between serum s(P)RR levels in patients with EH and renal function that is independent of age, BP and glucose metabolism. An increase in the intrarenal RAS status is thought to underlie the progression of kidney damage. Serum s(P)RR could therefore serve as a useful biomarker reflecting the tissue RAS status in clinical settings. Furthermore, there may be associations between age or lipid metabolism dysfunction and serum s(P)RR levels. Future studies, including investigations to determine the source of serum s(P)RR in various pathological conditions, are needed for serum s(P)RR to be validated a useful biomarker for tissue RAS.
